Study on the Conversion of Carbohydrates into Furan Chemicals in Deep Eutectic solvents by 左淼
学校编码：10384 
学号：33320130153916
         
博  士  学  位  论  文
         
碳水化合物在低共熔溶剂体系中催化转化为呋喃
类化合物的研究
         
Study on the Conversion of Carbohydrates
into Furan Chemicals in Deep Eutectic
solvents
         
左淼
         
指导教师：林鹿      曾宪海   
         
专业名称：环境工程      
         
答辩日期：2017年5月   
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学学位论文原创性声明
         
         
本人呈交的学位论文是本人在导师指导下,独立完成的研究成果。
本人在论文写作中参考其他个人或集体已经发表的研究成果，均在文中
以适当方式明确标明，并符合法律规范和《厦门大学研究生学术活动规
范(试行)》。
         
         
另外，该学位论文为(                  )课题(组)的研究成果
，获得(                    )课题(组)经费或实验室的资助，在(
          )实验室完成。(请在以上括号内填写课题或课题组负责人或
实验室名称，未有此项声明内容的，可以不作特别声明。)
         
         
         
声明人(签名)：
         
         
          年   月   日
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学学位论文著作权使用声明
         
         
本人同意厦门大学根据《中华人民共和国学位条例暂行实施办法
》等规定保留和使用此学位论文，并向主管部门或其指定机构送交学位
论文(包括纸质版和电子版)，允许学位论文进入厦门大学图书馆及其数
据库被查阅、借阅。本人同意厦门大学将学位论文加入全国博士、硕士
学位论文共建单位数据库进行检索，将学位论文的标题和摘要汇编出版
，采用影印、缩印或者其它方式合理复制学位论文。
         
         
本学位论文属于：
         
         
(     )1.经厦门大学保密委员会审查核定的保密学位论文，于
年 月 日解密，解密后适用上述授权。
         
         
(     )2.不保密，适用上述授权。
         
         
(请在以上相应括号内打“√”或填上相应内容。保密学位论文应
是已经厦门大学保密委员会审定过的学位论文，未经厦门大学保密委员
会审定的学位论文均为公开学位论文。此声明栏不填写的，默认为公开
学位论文，均适用上述授权。)
         
         
         
声明人(签名)：
         
         
          年   月   日
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘  要
         
         
生物质是地球上储备最丰富的可再生资源，在能源、化工和医药领域有巨大的应用
潜力。将生物质中含量丰富的碳水化合物以化学催化方法转化为平台化合物和高附
加值化学品是目前国内外研究的重点。本论文以碳水化合物为研究对象，以化学催
化转化为主要研究方法，秉承绿色化学理念，对碳水化合物在新型反应体系低共熔
溶剂（DES）中的催化转化过程展开了一系列研究。研究包括在低共熔溶剂体系内
进行平台化合物5-羟甲基糠醛（5-HMF）和5-氯甲基糠醛（5-CMF）的制备，化石燃
料替代品5-乙氧基甲基糠醛（5-EMF）的制备，以及廉价高效、环境友好的固体酸
催化剂的开发应用。
首先，本研究提出果糖和氯化胆碱（ChCl）能形成具有良好反应活性的DES低共熔
溶剂体系，超低浓度无机酸，如盐酸和硫酸，可以在DES反应体系中有效催化果糖
转化为5-HMF。以硫酸和盐酸作为催化剂时，5-HMF的产率分别可以达到88.6%和
90.3%。DES/MeCN双相反应体系具有良好稳定的循环利用效果，在有机萃取剂萃取
5-HMF产品之后，ChCl可以直接冷凝结晶再生，投入下一次反应循环中，循环反应
五次，5-HMF产率没有明显下降。其他碳水化合物如葡萄糖、蔗糖和菊粉在DES反应
体系中也可以进行脱水反应，最高可以分别得到60.3%、61.5%和69.8%的5-HMF，并
提出了碳水化合物在DES体系内脱水制备5-HMF可能的反应途径与机理。
同时，还探索了一系列固体酸包括木质素碳基固体酸、磺化氧化石墨烯、球形磺化
碳固体酸、分子筛催化剂和商业离子交换树脂在DES反应体系中催化碳水化合物制
备5-HMF的反应途径与过程。与液体酸催化剂相比，固体酸催化剂不但对促进果糖
脱水制备5-HMF有优异的催化效果，而且在回收和循环利用等方面更加有优势。在
适当的反应条件下，木质素基磺化碳固体酸可得到94%产率的5-HMF产品；木质素碳
基固体酸和球形磺化碳固体酸在循环反应五次之后仍然拥有良好的催化活性。
随后，本论文提出了一种全新的在DES/甲基异丁基甲酮（MIBK）双相反应体系制备
新型平台化合物5-氯甲基糠醛（5-CMF）的方法，避免了以往该平台化合物制备过
程中出现的缺陷。催化剂种类对实验效果影响很大，强Lewis酸性的金属氯化物更
容易催化碳水化合物脱水转化为5-CMF，其中AlCl3·6H2O能够非常有效的催化果糖
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脱水制备5-CMF。在果糖投料量为5 mmol，催化剂用量为5 mmol，ChCl用量
3.6g，MIBK用量30 mL，反应温度120℃和反应时间为5 h的条件下，5-CMF最大产率
可达50.3%；反应完成后的DES混合物可以回收直接进行重复利用，重复使用三次后
，5-CMF产率降低幅度小于10%。其他碳水化合物如葡萄糖、蔗糖和菊粉也可以在该
反应体系中脱水转化为5-CMF和5-HMF，证明该体系具有较好的原料适应性，并提出
了在DES/MIBK双相体系内AlCl3·6H2O催化碳水化合物脱水制备5-CMF的可能机理。
此外，本论文提出了以碳水化合物在DES反应体系内高效制备5-乙氧基甲基糠醛
（5-EMF）的方法，并开发了高效催化醛糖制备5-HMF的氯化铬改性Amberlyst-15催
化剂。非金属催化剂Amberlyst-15阳离子交换树脂被应用于DES双相反应体系中催
化果糖脱水制备5-HMF，而Amberlyst-15-CrCl3络合催化剂可以有效异构并转化葡
萄糖制备5-HMF，广泛应用的商业离子交换树脂在绿色环保和经济效率方面都有一
定的优势。论文还对DES双相反应体系中的反应条件如温度、时间和催化剂用量等
因素对生物质原料脱水制备5-HMF产率影响进行了讨论，最优的反应条件下果糖在
Amberlyst-15的催化作用下可以得到94.3%产率的5-HMF；而葡萄糖可以在催化剂
Amberlyst-15-CrCl3催化作用下得到57.0%产率的5-HMF。当使用其他碳水化合物如
蔗糖、麦芽糖和淀粉为原料可分别可以得到产率60.3%、46.1%和43.5%的5-HMF。阳
离子交换树脂回收和循环的方法简单有效，Amberlyst-15和Amberlyst-15-CrCl3催
化剂都可以进行数次有效循环使用，在三次循环反应内5-HMF以及5-EMF的产率没有
明显下降。
同时，论文还研究了在DES双相反应体系中制备的5-HMF溶液直接作为原料进行醚化
反应制备生物燃料5-EMF的过程，在果糖作为反应底物和Amberlyst-15为催化剂的
情况下，经一锅两步法可以得到产率77.3%的5-EMF。以其他碳水化合物如葡萄糖、
蔗糖、麦芽糖和淀粉等为反应原料，分别可以得46.7%，49.4%，37.8%和35.7%产率
的5-EMF。
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Abstract
         
         
Biomass is the most abundant and renewable resource on the earth, which has
great potentiality of chemical conversion and wide application in energy,
chemistry and medical fields. The conversion of carbohydrates into platform
chemicals and value-added products is the key point for efficient utilization of the
biomass resource. This thesis taking biomass carbohydrates as the raw material
and the green chemical synthesis conversion as the research method, makes a
series of study about the chemical conversion of biomass carbohydrates in the
deep eutectic solvent system. This thesis mainly includes the synthesis of 5-HMF
and 5-CMF from carbohydrates in DESs, and the preparation of the fossil fuel
alternative 5-EMF. Moreover, this thesis also involves in the preparation and the
characterization of catalysts. Some research results obtained from those studie
are as follows.
Firstly, the DES consisting of fructose and ChCl has been proved an excellent
reaction system, in which the fructose could be effectively converted into 5-HMF
in the presence of extremely low dosage of Br&Oslash;nsted acids such as HCl
and H2SO4. 88.6% and 90.3% yields of 5-HMF were obtained with the H2SO4
and HCl being used as catalysts, respectively. This DES reaction system has
good ability of water tolerance that could run normally with the water content as
high as 40 wt%. The recycle ability of this DES system is also studied. In the
DES/MeCN biphasic system, the DES mixture could be directly reused for the
next time after the separation of DES phase from the organic solvent, and no
obvious decrease of 5-HMF yield was observed after this DES system being
reused for five times. Other carbohydrates such glucose, inulin and sucrose could
also be dehydrated in the DES system, giving 60.3%, 61.5% and 69.8% yield of
5-HMF especially. Moreover, the possible mechanism of the carbohydrate
dehydration in the DES system has been put forward in our study.
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Then, a novel method was put forward in this thesis for the preparation of new
platform molecule 5-CMF in the DES/MIBK biphasic reaction system. Compared
with the traditional preparation method of 5-CMF, this method is milder and more
environmental friendly. In the conversion of bio-based sugars to 5-CMF, types of
metal chloride catalysts affected dramaticallythe experiment result. It was found
that the catalyst with high Lewis acidity could effectively promote the conversion
of carbohydrates. When AlCl3·6H2O used as the catalyst, the fructose could be
effectively converted into 5-CMF. In the reaction condition of substrates of 5 mmol
fructose, 5 mmol catalyst loading, 25 mmol ChCl dosage, 30 mL MIBK co-solvent,
120 reaction temperature and 5 h reaction time, a highest yield 5-CMF of 50.3%
was obtained. The DES mixture could be effectively recycled after the reaction,
only 10% decrease of 5-CMF yield was detected after the DES system being
recycled for three times. Other bio-based sugars such as glucose, inulin and
sucrose were also exerted in this biphasic reaction, and suitable 5-HMF & 5-CMF
yields were achievedallowing this DES system with practical potentiality of
application. Moreever, the possible mechanism of the carbohydrate dehydration
into 5-CMF was schemed on the experimental data obtained.
Compared with the extremely low acid, the solid acid catalyst possesses many
advantages for its separation and recycling, and could be observed to effectively
catalyze the carbohydrates dehydration into 5-HMF as well as. A variety of self-
made solid acids including lignin-derived solid acid, graphene oxide, sulfonated
solid-ball acid, molecular sieve based catalysts and silica-based catalyst were
tasted in the carbohydrates dehydration with DES system. Under the optimized
reaction conditions, a highest 5-HMF yield of 94% was obtained with the lignin-
derived solid acid. Moreover, the lignin-derived solid acid and sulfonated solid-ball
acid held appropriate reusability, and the inactivation of solid acid reactivation
could be retrieved after simple sulfonation steps.
Following, the metal-free catalyst Amberlyst-15 was used in the dehydration of
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fructose into 5-HMF. the CrCl3 modified Amberlyst-15 could be found to
effectively converse the glucose into 5-HMF. Moreover, the commercial ion
exchange resin has many advantages for it economic efficiency and
environmental friendship. In the DES biphasic reaction system, the obtained 5-
HMF solvent could be used as the starting material for the 5-EMF preparation,
therefore, 77.3% yield of 5-EMF was achieved from fructose with one-pot and
two-step reaction process in the presence of Amberlyst-15.
The reaction conditions also strongly affect the 5-EMF and 5-HMF yields, such as
time, temperature and catalyst loading. In this study, a maximum 94.3% yield of
5-HMF was obtained from fructose under the condition of 0.9 g fructose, 20 wt%
catalyst loading, 3.6 g ChCl dosage, 30 mL MeCN co-solvent, 100 reaction
temperature and 2 h reaction time. Moreover, the glucose could also be
dehydrated into 5-HMF in the presence of 40 wt% Amberlyst-15-CrCl3, and a
highest yield of 57.0% 5-HMF was obtained with the reaction condition of 0.9 g
glucose, 3.6 g ChCl dosage, 30 mL MeCN co-solvent, 130 reaction temperature
and 2 h reaction time. Other carbohydrates such as sucrose, maltose and starch
could also dehydrated in the DES system, and 49.4%, 37.8% and 35.7% yield of
5-EMF were obtained separately. Both Amberlyst-15 and Amberlyst-15-CrCl3
catalysts could be reused for several times, no obvious decrease of 5-EMF and 5-
HMF yields was took place in the original third recycles.
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